The degree to which the resolution of human papillomavirus (HPV) infection parallels exposure to other factors, particularly those related to nutritional status, is a relatively unexplored area of research. We established a cohort of women for long-term follow-up to examine the association of serum retinol, carotenoid, and tocopherol concentrations with the clearance of incident cervical HPV infection. Interviews and biological specimens were obtained at baseline and at 4-month intervals. At each visit, a cervical cell specimen for HPV DNA analysis and cytology and a fasting blood sample to measure micronutrient levels were collected. A Cox proportional hazards model was used to study the relationship between clearance of 189 incident (type-specific) oncogenic HPV infections and the levels of 20 serum micronutrients among 122 women. Higher circulating levels of transzeaxanthin, total trans-lutein/zeaxanthin, cryptoxanthin (total and B), total trans-lycopene and cis-lycopene, carotene (A, B, and total), and total carotenoids were associated with a significant decrease in the clearance time of type-specific HPV infection, particularly during the early stages of infection (V120 days). HPV clearance time was also significantly shorter among women with the highest compared with the lowest serum levels of A-tocopherol and total-tocopherol, but significant trends in these associations were limited to infections lasting V120 days. Clearance of persistent HPV infection (lasting >120 days) was not significantly associated with circulating levels of carotenoids or tocopherols. Results from this investigation support an association of micronutrients with the rapid clearance of incident oncogenic HPV infection of the uterine cervix. [Cancer Res 2007;67(12):5987-96] 
Introduction
Human papillomavirus (HPV) has been established as the primary causal agent in squamous intraepithelial lesions (SIL) and carcinoma of the uterine cervix for more than a decade (1) . The natural history of cervical carcinogenesis is thought to begin from an initial infection of the metaplastic epithelium of the cervical transformation zone by an oncogenic HPV type (2) . The target cell for HPV infection in the cervix is the primitive basal keratinocyte (3) . Viral replication is dependent on cellular replication and, importantly, squamous cell differentiation specific to epithelial maturation. Most HPV infections seem to clear quickly through an innate immune response or some other mechanism (2) (3) (4) . Understanding the determinants of persistent infections, in which the same viral type is detected on consecutive examinations, has been the subject of intensive study. Likely co-factors in the infectious process and cervical carcinogenesis include characteristics of the infection (HPV genotype, concurrent HPV infections, and viral load), concomitant infection (Chlamydia trachomatis and herpes simplex virus), host factors (human leukocyte antigen and parity), and behavioral factors (tobacco smoking and oral contraceptive pill use; refs. [5] [6] [7] .
The role of diet and nutrition on the risk of HPV persistence and cervical carcinogenesis was recently reviewed by Garcia-Closas et al. (8) . Only a few longitudinal investigations have examined the association of diet and circulating micronutrient concentrations with the persistence or clearance of cervical HPV infection (9) (10) (11) (12) (13) (14) . Although the results of these studies have been mixed, a protective effect for fruit and vegetable, vitamin E, and carotenoid intakes against HPV persistence is suggested. Immune cells are particularly vulnerable to oxidative stress; thus, the antioxidant levels in their membranes play an important role in maintaining a reduced environment and preserving cellular function. Antioxidants maintain the function of membrane lipids that, if peroxidized, can lead to loss of membrane integrity and altered membrane fluidity resulting in altered intracellular signaling (15) . Dietary components that possess antioxidant properties may protect the immune system from oxidative damage and enhance immune responses (16) .
In 1998, we initiated a multiethnic cohort study of women for long-term follow-up to identify factors that influence the persistence or resolution of type-specific HPV infection of the cervix. In addition to measuring HPV infection at each 4-month study visit, repeated measures of circulating levels of carotenoids, tocopherols, and retinol were obtained for each visit. A unique aspect of this analysis was our ability to account for the relative duration of infection through examination of the association of circulating antioxidant concentrations with the clearance of incident, rather than prevalent, oncogenic HPV infection. met the following initial eligibility requirements: (a) able to speak and understand English; (b) at least 18 years of age; (c) resident of Oahu; (d) not pregnant or postpartum within the past 6 months; (e) intact cervix (no hysterectomy); ( f ) not immune compromised, taking immunosuppressive drugs, transplant recipient, HIV positive, or within 1 year of cancer chemotherapy; (g ) sexually active within the past 6 months; (h) no abnormal cytologic smear within the past 18 months; (i) no history of blood-clotting disorders or on anticoagulant therapy; ( j) no plans to relocate in the next year; and (k) able and willing to read, understand, and sign an informed consent form and medical release form approved by the University of Hawaii Institutional Review Board.
At each of the clinics, women who were scheduled for gynecology appointments were approached for participation in the cohort. The study coordinators explained that we were conducting research under the auspices of the clinic and the University of Hawaii. Willing participants were screened, and written informed consent was obtained before the health care examination. At the first and subsequent visits, a gynecologic examination was done; an exfoliated cervical specimen for a Papanicolaou smear and HPV DNA analysis was collected; and a blood sample was drawn to measure micronutrient levels. Upon completion of the examination, the study coordinator administered a study questionnaire to each participant. The baseline interview included demographics and detailed histories of tobacco and alcohol use as well as sexual activity.
Selection of the Cohort and Follow-up
The results of the baseline cervical smear and HPV DNA testing were necessary to establish final eligibility. Women with inadequate (i.e., negative for the human b-globin gene) specimens at baseline were not eligible. Women with abnormal cytology were referred to their physician for appropriate follow-up. All women who were treated for SIL or a more severe lesion (e.g., through conization) were censored at the time of treatment and no longer contributed to follow-up after this time. Women with a biopsy only were retained in the study. Women with low-grade SIL or changes consistent with HPV who were not treated were retained in the study and followed. Women entering the cohort were asked to return to the clinic every 4 months for repeat examination and testing. Participants were called a day or two before their clinic visit to remind them about their scheduled appointment and fasting for blood sample collection, if they were able.
A more detailed interview was conducted during the second visit that took 30 to 40 min to complete. The reference period was the date at entry on the study. The questionnaire included a gynecologic, menstrual, reproductive, and sexual history; hormone use; medical history; history of sexually transmitted infections; and income. An update since the first visit was collected for information covered in more detail in the baseline questionnaire (sexual activity and tobacco and alcohol use). The questionnaire used at subsequent interviews was modified slightly for use during the follow-up period. Questions focused on changes in sexual and reproductive information during the intervening period between clinic visits and checks on the reliability of certain data items.
At baseline, 2,398 women were recruited and tested for HPV DNA by PCR, and 972 of these women completed at least one follow-up visit. Most women who were HPV DNA negative at baseline and the subsequent follow-up visit were terminated because of the cost constraints of continued follow-up. Among the remaining women with two or more study visits, 484 were positive with an oncogenic HPV type on at least one visit, and 182 of these women experienced at least one incident HPV infection (oncogenic and non-oncogenic) defined as an HPV genotype not identified on the previous visit. We limited this analysis to the 122 women with incident oncogenic HPV infections and serum samples. Among these women, a total of 1,057 follow-up visits were completed in which we collected cervical and blood specimens (median, 6 visits per subject). The follow-up experience accumulated for this cohort was 3,199 woman-months (median, 15.3 months per participant; range, 6.5-51.6 months). The follow-up rate on the cohort was 91% overall and 93% for those women remaining in the cohort with two or more visits.
Laboratory Analyses
Detection and genotyping of HPV. HPV DNA was extracted from exfoliated cervical cell specimens using commercial reagents (Qiagen, Inc.). Specimens were analyzed for the presence or absence of HPV DNA by PCR using a modified version of the PGMY09/PGMY11 primer system (17) . HPV DNA-positive specimens were genotyped using a reverse line blot detection method for 37 different HPV types, including 6, 11,16,18, 26, 31, 33, 35, 18, 19 ; Roche Molecular Systems). PCR products were denatured and hybridized to a nylon membrane containing the immobilized HPV probes. This genotyping assay included probes for high and low levels of human b-globin gene. Amplicons hybridized to probes were detected using streptavidin/horseradish peroxidase-mediated color precipitation.
Serum micronutrient analysis. All of the blood specimens were drawn into heparin tubes after a 10-to 12-h fast and were used to determine serum micronutrient levels of both cis and trans forms of lutein/zeaxanthin; a-cryptoxanthin, h-cryptoxanthin, and total cryptoxanthin; trans and cis forms of lycopene; a-carotene; trans and cis forms of h-carotene; total carotene; total carotenoids; retinol; a-tocopherol, g-tocopherol, y-tocopherol, and total tocopherol (20 micronutrients). The serum was separated from the cells by centrifugation (4jC for 15 min, 1,800 Â g ) and frozen (À80jC) until analyzed. Sample extracts were analyzed by isocratic reversephase high-performance liquid chromatography methodology with photodiode array detection, and absorption spectra and retention times for each peak were compared with those of known standards (20) . The quality of all laboratory analyses was evaluated by performance in round-robin trials organized by the U.S. National Institute for Standards and Technologies (Gaithersburg, MD).
Statistical Analysis
The statistical analysis was limited to the 122 women with incident oncogenic HPV infections based on genotypes defined by Muñoz et al. (21) and at least one subsequent visit after observation of the infection so that clearance could be observed. Adjustment variables were identified by a prior analysis of the baseline demographic and behavioral risk factors associated with acquisition of HPV infection at subsequent visits by subjects who were HPV negative at the first visit. These risk factors included age and the number of lifetime sexual partners (log-transformed). Age at first sexual intercourse and current tobacco smoking were also included in all models because of a significant interaction of these factors with several micronutrients. A Cox proportional hazards model was used to examine the association of cervical HPV infection clearance with serum concentrations of the micronutrients, after adjustment for risk factors identified at baseline and for the amount of time a blood sample was kept frozen between blood draw and laboratory analysis. We combined measurements for cis-anhydrolutein, trans-anhydrolutein, cis-lutein/zeaxanthin, and trans-lutein/zeaxanthin into a single value (total cis-lutein/zeaxanthin and trans-lutein/zeaxanthin) because these dietary constituents are generally found in trace amounts. Hazard ratios and 95% confidence intervals were calculated for micronutrient levels divided into quartiles and represented by three indicator variables using the lowest quartile as the reference category. A trend variable was created based on the median micronutrient level within each of the quartiles. The test for trend was based on the Wald m 2 statistic. The time scale for the Cox-based models was chosen to be the time in days since an incident HPV infection was detected; that is, each infection is set to start at time 0. Other time scales were tested, such as study month, but the results were similar. A woman could experience a subsequent incident infection with the same HPV type during follow-up and could be infected with more than one HPV type at one time. Among the 122 women included in this analysis, a total of 189 incident infections were identified. We assigned a separate infection path to every HPV genotype detected. An HPV type-specific infection was considered resolved after one negative visit for this genotype, and the timing of infection clearance was defined as the time of the first negative visit. Other clearance times were investigated, such as the midpoint between the last visit where the infection was observed and the first negative visit, but the results were not altered. The presence of multiple HPV infections was accounted for by adjusting for a timedependent coinfection status indicator variable, which was measured at every visit for each subject. Serum micronutrient levels and the adjustment variables of smoking and drinking were also time-dependent variables,
where the values for previous visit (t À 1) were used as the exposure variables for clearance at visit t. Because there is no evidence to suggest that micronutrient levels would have different effects on the clearance of HPV by genotype or event number (e.g., first versus subsequent infections), no stratification was done by these variables and our modeling approach followed that of Andersen and Gill (22) . Because each subject was allowed to experience more than one clearance event throughout the course of the study, we used a robust sandwich variance estimate (23), aggregated over subjects, to prevent artificially deflated standard errors and confidence interval estimates.
The proportionality assumption was checked using Schoenfeld residual test statistic and Schoenfeld residual plots, which may serve as hazard function estimates (24) (25) (26) . Figure 1 displays these plots for h-cryptoxanthin (top) and total lycopene (bottom). Although the assumption was not significantly violated, there was evidence that for some micronutrients, the effect was not constant over time. Therefore, in addition to the overall model, a change-point estimation approach was adopted (27, 28) to account for the possibility of differential micronutrient effects on the risk of HPV clearance in the early and late stages of an infection. The change-point selection was conducted by visual inspection of Schoenfeld residual plots. The plots clearly showed that the change point was located between 120 and 150 days after infection. Because 120 days was the target time interval between consecutive visits in the study, this time interval was chosen as the change point for all models. However, other cutoffs were examined, and similar results were found. For the 20 micronutrients, Cox models were fit, and hazard ratios were obtained separately for the early (transient) stage of an infection, defined as the first 120 days, and late (persistent) stage, defined to be from day 121 until clearance or censoring. Possible effect modification by age of the micronutrient associations with clearance times for transient, persistent, and transient plus persistent infections was tested through stratification by median age (28 years). All statistical analyses were done using SAS version 9.1.3 (SAS Institute, Inc.). All P values were two sided, and P < 0.05 was defined as significant. Table 1 shows the association of the risk factors for HPV infection in the baseline model with HPV acquisition. Both older age and fewer lifetime numbers of sexual partners were the only baseline risk factors that were significantly associated with decreased HPV acquisition. All adjustment variables were entered in the micronutrient Cox models however. The median age of the participants was 28 years (mean, 32 years; first and third quartiles, 22 and 38 years, respectively). The cohort members were generally non-White with mixed ethnicity (''other'') and some college education. More than one half of the cohort had a positive pregnancy history. The average age at first sexual intercourse was 17 years. The average lifetime number of sexual partners was 7. The majority of women used oral contraceptive pills or had used them in the past. Most women were not current tobacco smokers or alcohol drinkers.
Results
The results from the Cox models showed that higher circulating levels of several carotenoids, including trans-zeaxanthin, total trans-lutein/zeaxanthin, cryptoxanthin (total and h), total translycopene plus cis-lycopene, carotene (a, h, and total), and total carotenoids, were associated with a significant decrease in the clearance time of type-specific HPV infection (Table 2) . Women in the highest quartile for total trans-lycopene plus cis-lycopene, cish-carotene, and total carotene were nearly twice as likely to clear their infections as women in the lowest quartile. Trends were particularly strong for several components of carotene, suggesting a general effect of this micronutrient on the risk of clearance. Little association of type-specific HPV clearance with serum tocopherols or retinol was found.
The micronutrient analyses were repeated separately for the early (transient) stage of an infection, defined as the first 120 days, and late (persistent) stage, defined to be from day 121 until clearance or censoring (Table 3) . Overall, 188 infections with 908 person-months of follow-up were included in the analysis of transient stage, and 147 infections with 910 person-months of follow-up were included in the analysis of persistent stage. The magnitude of the association of circulating micronutrients with HPV clearance in the early stages of infection was greater than the association with transient and persistent infection combined. Clearance of cervical HPV infection was strongly associated with high circulating levels of the luteins/ zeaxanthins, h-cryptoxanthin, total cryptoxanthin, total translycopene plus cis-lycopene, and the carotenes. Here, the likelihood of clearance was three to seven times greater for the highest compared with the lowest quartile. In addition to the carotenoids, high serum levels of a-tocopherol and total tocopherol were associated with clearance of transient infections. In contrast to the enhanced clearance of transient cervical HPV infections associated with serum micronutrients, clearance of persistent HPV infection was not significantly associated with circulating concentrations of carotenoids, retinols, or tocopherols (Table 3) .
We examined the possibility of effect modification by age of the micronutrient associations with clearance times for transient, persistent, and transient plus persistent infections through stratification by median age (28 years; results not shown). Stratified models exhibited some variation in hazard ratio estimates for several micronutrients, but the direction of the effects (protective or otherwise) remained the same. The interaction term between micronutrient trend and age group was found not statistically significant for any of the 20 micronutrients.
Discussion
Results of this study suggest that circulating concentrations of several antioxidant micronutrients may decrease the length of incident HPV type-specific infection. The increased risk of HPV type-specific clearance was strongest among women with high circulating levels of several carotenes with vitamin A potential, although no association was found for retinol. Carotenoids with less vitamin A potential, such as h-cryptoxanthin and total translycopene and cis-lycopene, were also associated with reduced clearance times. The association of high circulating levels of micronutrients with the likelihood of HPV clearance was most evident among women who resolved their infections rapidly (within 120 days). Among women with transient infections, most carotenoids measured seemed to enhance time to clearance. In contrast, serum micronutrients were generally unrelated to clearance of longer-term HPV infections, suggesting a time-related association with immune response to the virus. In addition, a modest association was found for the tocopherols among the subgroup of women with rapid clearance and high circulating levels of this micronutrient. The failure of nutrient-based phase III chemoprevention trials to enhance the regression of cervical SIL supports the observation that micronutrients may only be active early in the natural history of cervical carcinogenesis (29) . Only a few investigators have examined the association of circulating micronutrient concentrations with the clearance of cervical HPV infection. In the first of these studies, Giuliano et al. (9) collected two cervical specimens 3 months apart for HPV DNA testing by Hybrid Capture among 123 women. Blood was collected at the second visit for antioxidant nutrient assessment. Mean serum concentrations of h-carotene, h-cryptoxanthin, lutein, a-tocopherol, and g-tocopherol were lower among women who were HPV positive on both visits compared with women who were always HPV negative or HPV positive on a single visit. In the Young Women's Health Study, Sedjo et al. (11) compared serum antioxidant levels taken at the first follow-up visit among 101 women who were oncogenic HPV-positive by Hybrid Capture II on two or three consecutive visits (persistent) with 58 women who were positive for an oncogenic HPV infection on a single visit. Although none of the differences in antioxidant levels were statistically significant, the odds ratio associated with the highest compared with the lowest tertile of cis-lycopene was 0.44 (95% confidence interval, 0.19-1.01), suggesting that higher levels were associated with more transient infections. In an analysis of a subsample of 84 participants in the Young Women's Health Study who were positive for at least one oncogenic HPV type by PCR at baseline, Sedjo et al. (12) reported that the likelihood of clearing an oncogenic HPV infection was significantly greater among women with higher levels of cis-lycopene and trans-lycopene measured at their first follow-up visit. Although these investigations are consistent with an association of circulating and dietary micronutrient concentrations with cervical HPV clearance, in a 9-month clinical trial of h-carotene against cervical dysplasia among 69 women, Palan et al. (24) found no association of persistent HPV infection detected by Southern blot and PCR with mean levels of circulating retinol, a-carotene, h-carotene, or lycopene. This was in agreement with Siegel et al. (14) who found no association of typespecific oncogenic HPV persistence with circulating levels of retinol, tocopherols, or carotenoids measured over four clinical visits among 229 women in the Ludwig-McGill Cohort study.
A unique aspect of our study design was the use of PCR to examine type-specific clearance of cervical HPV infection. Most longitudinal studies of circulating micronutrients relied on Hybrid Capture (9, 11) to detect a panel of HPV types and were therefore susceptible to misclassification of HPV persistence. This method cannot distinguish single from multiple infections or whether persistent HPV-positive tests represent infection with the same or newly acquired HPV types. Patterns of multiple and newly acquired infections in our cohort suggest that the potential for misclassification is great in studies that do not have HPV type-specific information. Only the recent study by Siegel et al. (14) modeled type-specific HPV persistence, but, in contrast to our study, these investigators did not distinguish prevalent from incident HPV infections and were hence unable to examine the effect of duration of infection on the risk of viral persistence. This distinction would seem important based on the divergent results for incident compared with persistent infections found in our analysis.
A further advantage of our study design was the measurement of serum micronutrient concentrations at each visit. This allowed us to examine the relation of change in micronutrient level over time with the persistence or clearance of HPV infection. With the exception of the Ludwig-McGill Cohort study analysis (14) , previous investigations were limited to a single serum/plasma micronutrient measurement; thus, it was unclear how HPV persistence and nutrient levels were related over time. Furthermore, Cooney et al. (30) reported substantial inter-individual and intra-individual variability in serum antioxidant concentrations taken from the same individual at 2-to 4-week intervals, underscoring the benefit of multiple blood samples on cohort members.
In this study, we defined clearance based on a single HPVnegative test. Under this definition, if there is a period of viral latency in which HPV DNA levels are undetectable, a woman who seems to have cleared her infection may still be persistent. If viral latency occurs, it is possible that a fraction of the ''incident'' cases of cervical HPV might reflect a reactivation of a prior infection rather than a new acquisition. Among these women, the rapid clearance of HPV may represent a robust response to reactivation rather than a rapid clearance of a new infection. Moscicki et al. (31) used a more stringent definition of clearance requiring two or more HPV-negative tests to reduce this source of potential bias. Although this more conservative definition limits the possibility of falsenegative results, it would have reduced the sample of women available for analysis. We examined the potential influence of our clearance definition on the results by counting the number of reinfections with the same genotype after that genotype was cleared (i.e., after at least one negative was observed). Overall, 7 of 189 infections reappeared after at least one negative visit. One of the seven infections reappeared after six negatives; thus, it is unlikely that it was a reactivation of a latent infection. The remaining six infections reappeared after one negative. This finding is similar to that of Molano et al. (32) who reported that only 5 of 223 HPV infections that had cleared on one visit were positive again for the same HPV type on a subsequent visit. Based on these results, it would seem unlikely that the more stringent definition would have materially altered our findings.
The immune response is the key determinant in the persistence of cervical HPV infection and involves both innate and adaptive immunity (3, 4, 33) . Although numerous immune pathways are likely involved in the host defense against cervical HPV infection, women with transient infections are less likely to develop humoral or cell-mediated immune responses than women with persistent infections, suggesting a role for innate immunity in the rapid clearance of the virus (2) . Dietary components that possess antioxidant properties may protect the immune system from oxidative damage and enhance immune responsiveness (34). Santos et al. (35) found that h-carotene supplementation resulted in significantly greater natural killer cell activity compared with placebo, suggesting that h-carotene may induce natural killer cellenhancing cytokines. Carotenoids may regulate antigen presentation by immature dendritic cells in the presence of inflammatory stimuli (e.g., tumor necrosis factor-a), but the precise mechanism for this immune enhancement is unknown (36) . Immune cells are particularly vulnerable to oxidative stress; thus, the antioxidant levels in these cells play an important role in maintaining a reduced environment and preserving cellular function. Antioxidants maintain the function of membrane lipids that, if peroxidized, can lead to loss of membrane integrity and altered membrane fluidity resulting in altered intracellular signaling (16) . The few investigations of the influence of other carotenoids, such as lycopene and lutein, on immune function show little association with monocyte surface molecules involved with antigen presentation (37) . It is possible that the plasma levels of these compounds achieved with physiologic doses are not sufficient to induce measurable changes in immunity. Furthermore, the immune response in healthy, well-nourished individuals may not be easily influenced by vitamin supplementation.
In conclusion, results from this investigation support a role for several carotenoids or dietary factors associated with carotenoids in the rapid clearance of incident oncogenic HPV infection of the cervix. It is possible that this association with HPV clearance might explain the protective effect against cervical neoplasia found for a-carotene, h-carotene, lycopene, lutein/zeaxanthin, and cryptoxanthin (8) . In future studies, we will be able to investigate the relation of circulating micronutrient levels with the clearance of specific HPV types. We will also be able examine the joint association of local cervical cytokine and micronutrient levels with the risk of HPV clearance. Increased understanding of the joint role of innate and cellular immunity with nutritional status in the clearance of HPV infections will contribute to the understanding of effective anti-HPV cellular responses.
